Abstract
The goal of this technical report is to give the details of a real world existing sub-system in the automotive industry. It is produced to be used for reproduction of the same experiment if other researchers are interested in. Hence, it would be possible to compare the results of our published studies with the results of similar tools. The data is collected for the purpose of applying metaheuristic optimization approaches. The case study based on these data shows that metaheuristic optimization approaches can find efficient solutions for multiple quality attributes while fulfilling given constraints.
The case study was conducted at Saab Automobile AB in order to evaluate the AQOSA framework in an industrial context. AQOSA (Automated Quality-driven Optimization of Software Architecture) is our architecture optimization framework that supports multiple quality attributes including response time, processor utilization, bus utilization, safety and cost.
To enable validation of the results we selected an existing realization for the Saab 9-5 Instrument Cluster Module ECU (Electronic Control Unit) and the surrounding sub-systems. The goal of the case study is to find a better solution than the current realization while fulfilling the requirements and constraints. The results of the case study and the details of AQOSA framework is reported in a paper from the authors in Journal of Systems and Software, Special Issue on Quality Optimization of Software Architecture and Design Specifications.
This report describes the details of Saab 9-5 Instrument Cluster Module ECU and the surrounding sub-systems. The purpose of the Instrument Cluster sub-system is to provide the driver with information that is required when driving the car. The information is processed by user functions based on sensor values, and presented on gauges or displays located in front of the driver. The user functions (and i/o devices) included in the study are shown in Table 1 .
A user function like the ones in Table 1 can be complex due to regulations, safety properties, variation between different car models, or other quality constraints. In general, a user function consists of several requirements and quality constraints. A user function is specified and implemented using one or several software components. Figure 1 shows the component diagram of the Instrument Cluster sub-system. The diagram shows how the software components are connected to satisfy the user functions in Table 1 . The purpose of Figure 1 is to illustrate the complexity of the case.
The user functions in Table 1 are typically triggered by two types of tasks:
• by events captured by their input devices (sporadic tasks),
• by an invocation from a scheduler within the sub-system (periodic tasks). These tasks were defined by describing changes in switch/sensor values.
The sporadic tasks are defined in Table 2 and the periodic tasks are defined in Table 3 .
User function Description

Vehicle Speed Indication
Shows the speed of the car on the speedometer gauge. The vehicle speed information is based on the wheel speed sensors, filtered and converted into the chosen metric (either km/h or miles/h).
Coolant Temperature Indication
Shows the temperature of the engine coolant on the coolant temperature gauge. The coolant temperature information is based on a temperature sensor, filtered and compensated to show the correct temperature.
Selected Gear Indication
Displays the current automatic gear position of the vehicle. (Possible gear positions are P, R, N, D, and L.) The information is based on position sensors in the Automatic Gearbox.
Engine Speed Indication
Shows the engine revolutions per minute information on the tachometer gauge. The engine speed information is based on the crankshaft sensor, and filtered before it is shown.
Odometer Indication Shows the distance travelled by the car. The odometer is based on the wheel speed sensors, filtered and converted into distance in the chosen metric (either km or miles).
Ignition Switch Power Moding
The global system power mode in the car. The system power mode information is based on the ignition key switch, with the possible positions OFF, ACCES-SORY, RUN, and CRANK. This information is transmitted to all parts of the system.
Outside Air Temperature Indication
Shows the outside temperature on the display. The outside temperature information is based on a temperature sensor, filtered and compensated to show the correct temperature.
Low Washer Indication
Notifies the driver when the windshield wiper fluid level is low. The notification is based on a fluid level switch. 
Odometer shall be displayed within 500 ms
The Engine Speed pointer shall begin to move to the correct position within 150 ms
The Vehicle Speed pointer shall begin to move to the correct position within 150 ms
Low Washer Fluid Indicator shall be illuminated within 250 ms
Drive position shall be displayed within 100 ms Table 2 : Sporadic tasks included in the case study.
As an example of a stimulus and system response for a sporadic task we will look at the first task in Table 2 . The Driver Door Ajar Switch detects that the Driver Door is opened while the vehicle is parked and the engine is OFF. Then the Odometer value shall be displayed within 500 ms. The other tasks in Table 2 are of similar kind. A user function like the ones in Table 1 is typically implemented using one or several software components. We modeled the collaboration among these components using sequence diagrams as shown in Figure 2 . The reason is that AQOSA needs scenarios for creating architecture solutions, and sequence diagrams are a good way of modeling scenarios.
The sequence diagrams needed to be enhanced with information required for AQOSA quality attributes evaluation process. The number of cycles for executing each operation is needed. This information is added next to the activation on the sequence diagram. For example, we can see in Figure 2 that the operation CalculateOAT() takes 2744 cycles to execute. The number of execution cycles for the CalculateOAT() operation was obtained by analyzing the source code
Stimulus
System response
VehicleSpeed signal shall be transmitted periodically each 100 ms. VehicleSpeedDisplayValue shall be calculated periodically each 100 ms. The Vehicle Speed pointer shall begin to move to the correct position within 150 ms.
EngineSpeed signal shall be transmitted periodically each 100 ms. EngineSpeedDisplayValue shall be calculated periodically each 100 ms. The Engine Speed pointer shall begin to move to the correct position within 150 ms.
The outside air temperature shall be calculated once every second. The outside air temperature shall be displayed within 100 ms.
EngineCoolantTemp signal shall be transmitted periodically each 100 ms. CoolantDisplayValue shall be calculated periodically each 100 ms. The Coolant Temp pointer shall begin to move to the correct position within 150 ms. of the ControlOutAirTemp component with the SCoPE simulation framework [1] . Components for which we did not have access to the source code were analyzed manually by reading the requirement specification and comparing to similar components, to estimate the number of execution cycles. AQOSA also require the number of bytes being sent. This information is added below the messages. We can see in Figure 2 that the message CalculateOAT() carry 1 byte. The number of bytes sent in a message was obtained by calculating the size of the data that is sent.
In addition to the information above, AQOSA also needed the timing constraints described in Table 2 and Table 3 . This information was added to the sequence diagram in a standard way to the left of the sequence diagram and with the help of notes. On the left side in Figure 2 , we can see that the maximum delay for the whole scenario should be less than 100 ms. The note added to the message ObtainOAT() constrains it to be invoked each 1000 ms.
Constraints
The user functions (see Table 1 ) and the timing constraints (see Table 2 and Table 3 ) are needed to obtain the required input to AQOSA, but there is one more important type of constraints for this domain. Deployment constraints state which hardware realizations are feasible from a domain perspective. The deployment constraints are stated in Table 4 . Table 4 : Deployment constraints included in the case study.
Constraint Description
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In the following, the sequence diagram for each user function of the system is depicted. It contains the deadline and the required number of cycles for each procedure. Figure 3 shows the sequence diagram of Vehicle Speed Indication. <flowset name=" Average " completionTime=" 5000.0 " m i s s e d P e r c e n t a g e=" 0.02 " > 183 <flowinstance i n s t a n c e=" / / @ a s s e m b l y / @ f l o w .0 " s t a r t=" 500.0 " t r i g g e r=" 5000.0 " d e a d l i n e=" 150.0 " /> <flowinstance i n s t a n c e=" / / @ a s s e m b l y / @ f l o w .2 " s t a r t=" 500.0 " t r i g g e r=" 5000.0 " d e a d l i n e=" 100.0 " /> 186 <flowinstance i n s t a n c e=" / / @ a s s e m b l y / @ f l o w .3 " s t a r t=" 1000.0 " t r i g g e r=" 100.0 " d e a d l i n e=" 50.0 " /> 187 <flowinstance i n s t a n c e=" / / @ a s s e m b l y / @ f l o w .4 " s t a r t=" 1000.0 " t r i g g e r=" 100.0 " d e a d l i n e=" 50.0 " /> 188 <flowinstance i n s t a n c e=" / / @ a s s e m b l y / @ f l o w .5 " s t a r t=" 1000.0 " t r i g g e r=" 1000.0 " d e a d l i n e=" 100.0 " /> 189 <flowinstance i n s t a n c e=" / / @ a s s e m b l y / @ f l o w .6 " s t a r t=" 1000.0 " t r i g g e r=" 100.0 " d e a d l i n e=" 50.0 " /> 190 <flowinstance i n s t a n c e=" / / @ a s s e m b l y / @ f l o w .7 " s t a r t=" 500.0 " t r i g g e r=" 5000.0 " d e a d l i n e=" 500.0 " /> 191 <flowinstance i n s t a n c e=" / / @ a s s e m b l y / @ f l o w .8 " s t a r t=" 500.0 " t r i g g e r=" 5000.0 " d e a d l i n e=" 500.0 " /> 192 <flowinstance i n s t a n c e=" / / @ a s s e m b l y / @ f l o w .9 " s t a r t=" 500.0 " t r i g g e r=" 5000. < c o m p o n e n t i n s t a n c e i d=" R e a d W h e e l S p e e d S e n s o r s _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .0 " v a r i a n c e P e r c e n t a g e=" 0.05 " > < / c o m p o n e n t i n s t a n c e >
Vehicle Speed Indication
Vehicle Speed On Start
Engine Speed On Start
Selected Gear Indication
Low Washer Indication
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< c o m p o n e n t i n s t a n c e i d=" C o n t r o l W h e e l S p e e d _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .1 " v a r i a n c e P e r c e n t a g e=" 0.05 " > < / c o m p o n e n t i n s t a n c e >
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< c o m p o n e n t i n s t a n c e i d=" E n g i n e V e h i c l e I n t e r f a c e _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .2 " v a r i a n c e P e r c e n t a g e=" 0.05 " > 214 <service i n s t a n c e=" / / @ a s s e m b l y / @ c o m p o n e n t .2 /@service .0 " c y c l e s=" 500 " networkUsage= < c o m p o n e n t i n s t a n c e i d=" P r o v i d e P o w e r M o d e I n f o _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .3 " v a r i a n c e P e r c e n t a g e=" 0.05 " > 235 <service i n s t a n c e=" / / @ a s s e m b l y / @ c o m p o n e n t .3 /@service .0 " c y c l e s=" 400 " networkUsage= " 1000. < / c o m p o n e n t i n s t a n c e > < c o m p o n e n t i n s t a n c e i d=" C o n t r o l E n g i n e S p e e d G a u g e _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .4 " v a r i a n c e P e r c e n t a g e=" 0.05 " > < / c o m p o n e n t i n s t a n c e > < c o m p o n e n t i n s t a n c e i d=" C o n t r o l V e h i c l e S p e e d G a u g e _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .5 " v a r i a n c e P e r c e n t a g e=" 0.05 " > < / c o m p o n e n t i n s t a n c e >
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< c o m p o n e n t i n s t a n c e i d=" G a u g e _ E n g i n e _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .6 " v a r i a n c e P e r c e n t a g e=" 0.05 " > < / c o m p o n e n t i n s t a n c e > < c o m p o n e n t i n s t a n c e i d=" T r a n s m i s s i o n V e h i c l e I n t e r f a c e _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .7 " v a r i a n c e P e r c e n t a g e=" 0.05 " > 266 <service i n s t a n c e=" / / @ a s s e m b l y / @ c o m p o n e n t .7 /@service .0 " c y c l e s=" 100 " networkUsage= " 1000.0 " > < / c o m p o n e n t i n s t a n c e > < c o m p o n e n t i n s t a n c e i d=" C o n t r o l G e a r S e l e c t e d I n d i c a t i o n _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .8 " v a r i a n c e P e r c e n t a g e=" 0.05 " > < / c o m p o n e n t i n s t a n c e >
281
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< c o m p o n e n t i n s t a n c e i d=" R e a d D r i v e r D o o r A j a r S w i t c h _ I n s t a n c e " c o s t=" 1.0 " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .13 " v a r i a n c e P e r c e n t a g e=" 0.05 " > 328 <service i n s t a n c e=" / / @ a s s e m b l y / @ c o m p o n e n t .13 /@service .0 " c y c l e s=" 100 " networkUsage =" 1000.0 " > < / c o m p o n e n t i n s t a n c e >
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< c o m p o n e n t i n s t a n c e i d=" C o n t r o l O d o m e t e r _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t <service i n s t a n c e=" / / @ a s s e m b l y / @ c o m p o n e n t .14 /@service .0 " c y c l e s=" 2440 " networkUsage=" 4000.0 " > 337 <provide c o n n e c t s=" / / @ a s s e m b l y / @ c o m p o n e n t .14 /@outport .0 " /> 338 <depend> 339 <require i n t e r n a l=" / / @ a s s e m b l y / @ c o m p o n e n t .14 /@inport .0 " />
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<require e x t e r n a l=" / / @ r e p o s i t o r y / @ e x t e r n a l p o r t .7 " /> 341 </depend> 342 </service> < c o m p o n e n t i n s t a n c e i d=" R e a d T r i p S t e m B u t t o n _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .15 " v a r i a n c e P e r c e n t a g e=" 0.05 " > 345 <service i n s t a n c e=" / / @ a s s e m b l y / @ c o m p o n e n t .15 /@service .0 " c y c l e s=" 100 " networkUsage =" 1000.0 " > < / c o m p o n e n t i n s t a n c e > < c o m p o n e n t i n s t a n c e i d=" R e a d L o w W a s h e r L e v e l _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .16 " v a r i a n c e P e r c e n t a g e=" 0.05 " > < / c o m p o n e n t i n s t a n c e > < c o m p o n e n t i n s t a n c e i d=" C o n t r o l W a s h e r L e v e l I n d i c a t i o n _ I n s t a n c e " c o m p a t i b l e=" / / @ a s s e m b l y / @ c o m p o n e n t .17 " v a r i a n c e P e r c e n t a g e=" 0.05 " > < / c o m p o n e n t i n s t a n c e > 368 <processor i d=" MIPS -60 " c l o c k=" 600.0 " c o s t=" 50.0 " i n t e r n a l B u s B a n d w i d t h=" 1000.0 " i n t e r n a l B u s D e l a y=" 0.001 " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.02 " /> 369 <processor i d=" MIPS -10 " c l o c k=" 100.0 " c o s t=" 15.0 " i n t e r n a l B u s B a n d w i d t h=" 1000.0 " i n t e r n a l B u s D e l a y=" 0.001 " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.02 " /> 370 <processor i d=" MIPS -80 " c l o c k=" 800.0 " c o s t=" 100.0 " i n t e r n a l B u s B a n d w i d t h=" 1000.0 " i n t e r n a l B u s D e l a y=" 0.001 " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.02 " /> 371 <processor i d=" MIPS -100 " c l o c k=" 1000.0 " c o s t=" 120.0 " i n t e r n a l B u s B a n d w i d t h=" 1000.0 " i n t e r n a l B u s D e l a y=" 0.001 " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.02 " /> 372 <processor i d=" MIPS -40 " c l o c k=" 400.0 " c o s t=" 50.0 " i n t e r n a l B u s B a n d w i d t h=" 1000.0 " i n t e r n a l B u s D e l a y=" 0.001 " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.02 " /> <externalport i d=" ajar -switch " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.05 " /> 378 <externalport i d=" stem -button " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.05 " /> 379 <externalport i d=" ignition -switch " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.05 " /> 380 <externalport i d=" crankshaft -sensor " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.05 " /> 381 <externalport i d=" wheel -sensor " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.05 " /> 382 <externalport i d=" gear -sensor " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.05 " /> 383 <externalport i d=" oat -sensor " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.05 " /> 384 <externalport i d=" odometer -storage " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.05 " /> 385 <externalport i d=" lowwasher -switch " l o w e r F a i l=" 0.01 " u p p e r F a i l=" 0.05 " />
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